Abstract. We present highly correlated multi-configuration Hartree-Fock (MCHF) calculations of the hyperfine structure of the 3p 5 2 P o J levels of 33 S − and 35,37 Cl. We obtain a good agreement with observation. The hyperfine structure of the neutral sulfur 33 S 3p 4 3 P J lowest multiplet that has never been measured to the knowledge of the authors, is also estimated theoretically. We discuss some interesting observations made on the description of the atomic core in MCHF theory. Ab initio study of the 33 S 3p 4 3 P J and 33 S − / 37,35 Cl 3p 5 2 P o J hyperfine structures. 2
Introduction
As the experimental techniques evolve, the window of isotope effects in negative ions is becoming wider and wider [1, 2, 3, 4, 5, 6, 7] . It offers new possibilities for understanding negative ions, correlation effects and the effect of nuclear properties on the electronic structure. In order to keep to this agenda, we need accurate models.
The hyperfine interaction, as arising mainly from the non-spherical nature of the electronic wave function near the nucleus, is an operator that is particularly sensitive to both core and valence correlation effects. It is also sensitive to contributions that do not affect the energy much. When trying to calculate it, we face the difficulty of getting simultaneously a good description of the valence correlation -crucial for negative ions -, core-valence and core correlation. It is therefore a useful tool for testing new approaches.
Experimental studies of the hyperfine interaction in atomic negative ions are scarce. A pioneer study was made by Mader and Novick on the 3 He − 1s2s2p 4 P o metastable state [8] . Much more recently, the hyperfine structure of the only known E1 transition between bound states of a negative ion, the Os − , was studied [9] . In between, Trainham et al [1] performed a study of the 33 S − 3p 5 2 P o 3/2 hyperfine structure. The S − ion offers a good possibility for testing the methods on a middleweight system. Recently, the isotope shift on the electron affinity of sulfur between the zero-spin isotopes 32 and 34 was measured and calculated [6] . A similar study involving the isotope 33 of sulfur, of spin I = 3/2, would require the knowledge of the hyperfine structure of the involved states [5] . However, if the 33 S − ground state hyperfine structure is known, the one of the 33 S 3p 4 3 P o J multiplet is not, to the knowledge of the authors. We present in Section 3 large scale MCHF calculations on the iso-electronic systems S − and Cl, testing the possibility of using the valence correlation orbitals [10] for describing core effects. This choice of orbital set was successfully adopted for including a core-valence contribution in the calculation of the isotope shift on the electron affinity of sulfur [6] and chlorine [7] . In Section 4, we calculate the hyperfine structure of the neutral sulfur lowest multiplet and point out a remarkable interplay of core and valence correlation in a MCHF description. We compare our theoretical results with experiment in Section 5 and conclude in Section 6 that some computational strategies provide a better definition for the core region.
Theory

The MCHF expansion
The multiconfiguration Hartree-Fock (MCHF) variational approach is based on the following ansatz
where the Φ(γ i LSM L M S ) are configuration state functions (CSF) [11] that are built on a single orthonormal basis set. In this theory, all c i are optimized and some -if not all -orbital radial functions are varied. We use the ATSP2K implementation of this method [12] . In this work, we first perform MCHF calculations to determine the orbital basis set. We then do subsequent larger configuration interaction (CI) calculations -i.e. optimizing only the c i . An orbital active set is defined as the set of all orbitals characterized by quantum numbers with n ≤ n max and l ≤ l max , and is denoted n max l max . Our scheme is based on the concept of "multi-reference-interacting" (MR-I) set of configuration state functions detailed elsewhere [6] . It is defined as the set of all CSFs that interact to first order with at least one component of a given multi-reference. The LS angular momenta of the occupied sub-shells are coupled by decreasing n and l.
Hyperfine interaction
The hyperfine structure of a LSJ level is caused by the interaction of the electrons with the atomic nucleus of angular momentum quantum number I. The total atomic angular momentum quantum number is denoted F . To first order, the hyperfine energy correction has the form
where A J and B J are respectively the magnetic dipole (M1) and electric quadrupole (E2) hyperfine constants and C = F (F + 1) − J(J + 1) − I(I + 1). The theory underlying the computation of hyperfine structures using MCHF wave functions can be found in references [13, 14, 15] . It is possible to express the non relativistic hyperfine interaction in terms of the J-independent orbital (a l ), spin-dipole (a d ), contact (a c ) and electric quadrupole (b) electronic hyperfine parameters [13] 
and calculated for the magnetic component M L = L and M S = S [14].
The distinction between core and valence electrons
When studying an atomic system, it is common to distinguish core and valence electrons based on the mono-configuration approximation. This separation can usually be made quite efficiently by choosing a rare-gas-like core. In our case, the core is neon-like (1s 2 2s 2 2p 6 ) and the valence is composed of the n = 3 electrons (3s 2 3p 5 for S − and Cl, and 3s 2 3p 4 for S). From that distinction, a lot of concepts based on a first-order picture of the correlation arise: core polarization, valence, core-valence and core-core correlation (V, CV, CC), etc. This terminology remains vague and the contributions those terms refer to often depend on the method [10, 16, 17, 18] . In MCHF theory it is in general impossible to have a clean partition of those different contributions due to systematic rearrangements of the {c i } MCHF eigenvector and orbital shapes from one model to another. The variational procedure is not perturbative and the core-valence distinction is based on a perturbative picture of the correlation. Still, the core-valence separation has a physical background so that it should not be discarded. Hence, we need a reliable definition of the core in order to interpret the so-called "core effects".
In this work, the uncorrelated core is defined as being the N c -electron core state built on the Hartree-Fock orbital set optimized for the total system. In case of multiple solutions in the HF model, we select the one satisfying the Koopmans requirement [19] .
Hyperfine Structures of the 3p
5 2 P o J levels of S − and Cl
Definition of the orbital set: MCHF calculations
To explore the impact of the choice of the MCHF model defining the orbital set on the results of the open-core CI models, we use two references: the single main configuration, denoted SR, and the set of all valence single and double (SD)-excitations in the n = 3 shell, denoted MR, i.e.
MR = {1, 2}
10 {3s, 3p} 6 {3} 2 .
We then perform HF frozen-core MCHF calculations on the SR-I and MR-I sets obtained by activating all the electrons in orbital basis sets ranging from 4f to 13h and 10h for SR and MR, respectively. The so-obtained one-electron radial functions are denoted SR-I-C and MR-I-C. In addition, we perform valence MCHF calculations on the MR-I nl , n = 4 − 13, l ≤ 5 (h orbitals). The resulting basis set is denoted MR-I-V. In all calculations, the [Ne] core is frozen to its HF shape. Tables 1 and 2 display, respectively for Cl and S − , the weights of the first configurations in the various MCHF calculations with n max l max = 10h. The weight of a configuration is defined as
where the sum runs over the CSFs belonging to the configuration. We observe that the order of the few most important configurations is very similar in all cases. Still, some differences appear mainly due to the fact that some radial functions P nl (r) become inner orbitals in the MR-I-C and SR-I-C models. This is illustrated in the first four columns of Table 3 in which we compare the mean radius of the spectroscopic and correlation orbitals of the MR-I-C model with the ones of the MR-I-V model for both Cl and S − . Table 2 . Sorted weights of the first configurations in the SR-I-C, MR-I-C and MR-I-V wave functions of S − . The active set is 10h . The 1s and 2s sub-shells are closed in all those configurations. In open-core calculations, most of the n = 5 orbitals become inner orbitals and P 4d , P 4f contract significantly. The SR-I-C orbitals do not differ strongly from the MR-I-C ones and are therefore not presented here. 
Fully correlated CI calculations
The results of Tables 1 and 2 
for both systems, the selected MRs account for approximately the same correlation effects in all S − and Cl orbital sets. It allows a significant comparison between the CI calculations performed on the MR 5 -and MR 9 -I-C multi-reference-interacting sets performed with the orbital sets arising from either the SR-I-C, MR-I-C or MR-I-V MCHF calculations. parameters (a), the electric quadrupole parameter (b) converges as rapidly in the SR-I-C and MR-I-V basis sets.
Comparing the S − and Cl trends, it is the similarities that first strike. However, the y-axis scales being the same between the left (S − ) and corresponding right (Cl) plots, we observe easily that (i) the S − hyperfine parameters are shifted to smaller values compared to the Cl parameters, and (ii) the S − hyperfine structure calculations converge slightly faster that the Cl ones. These two observations can be easily understood by the mere diffuseness of the negative ion electron charge distribution. Indeed, when an electron attaches to a neutral atom, the valence shells spread and the core-valence separation becomes larger. Then, even though the negative ion have more electrons, the core-valence overlap is only slightly larger in the negative ion than in the neutral, even if there are more valence electrons in the former than in the latter [7, 21] . Hence, the negative ion core is more spherical and the hyperfine constants tend to be smaller than in comparable systems. Consequently, even if negative ions are highly correlated systems, they are characterized by a comparatively smaller core-valence correlation. In particular, the hyperfine structure of negative ions is slightly less sensitive to correlation effects than one would first expect.
Even though the MR 5 and MR 9 sets do not account for exactly the same correlation effects depending on the active set, the approach based on the orbitals obtained at the SR-I-C 13h level are superior. Tables 4 and 5 show the total energies and a l , a d , a c and b parameters deduced from the MR 5 -, MR 9 -I-C 12h and MR 5 -I-C 13h models using the SR-I-C orbitals. The final results are obtained by reporting the impact of the 13 th shell on the MR 5 -I-C model on the MR 9 based values.
Hyperfine Structures of the 3p
4 3 P J levels of S
Definition of the orbital set: MCHF calculations
For the 3p 4 3 P state of neutral sulfur, we first select the references from which the MCHF expansions are generated. Similarly to Cl and S − , we use the mono-reference Table 5 . Best estimates of the energy (in E h ) and hyperfine parameters (in a 
Fully correlated CI calculations
The large differences between the roles played by each correlation orbital in the opencore and valence calculations prevent us from comparing the two models as in the cases of S − and Cl. Although the results of the different open-core CI models are coherent, we limit our discussion to the SR-and MR-I-C results.
Driven by the eigenvector composition analysis presented in Table 6 , we choose the multi-reference
Then, for evaluating the impact of the addition of a core-polarization configuration in the reference, we build the MR
and finally we define
We show in Table 7 the hyperfine parameters for the sulfur 3p 4 3 P ground state using these MR p -I-C models (p = 5, 6, 8) for the largest possible active set and using the SR-I-C radial functions. The final results are obtained by reporting the impacts of the 13 th correlation shell on the MR 5 -I-C model and the impacts of the extension of the MR 6 reference to the MR 8 reference using the active set 9h , on the hyperfine parameter values obtained in the MR 6 -I-C 12h calculation.
Comparison with experiment
The three considered isotopes, 33 S, 35 Cl and 37 Cl, have a spin I = 3/2 and respectively a magnetic dipole moment of +0.6438212(14) µ B , +0.8218743(4) µ B and +0.6841236(4) µ B [22] . Their nuclear quadrupole moments are still best determined using theoretical inputs [23] , as we will see below. The non-relativistic A J constants computed using the final set of hyperfine parameters of Tables 4 , 5 and 7 are shown in Table 8 . We estimate the relativistic corrections by running mono-reference non-relativistic and corresponding relativistic CI calculations using the Pauli approximation with the SR-I-C 9h orbital set [24, 25] .
The neutral sulfur A 1 ( 3 P ) hyperfine constant is characterized by strong cancellation between the spin-dipole (A d ) and orbit (A l ) contributions. Indeed, in the MR 6 -I-C 12h CI calculation performed with the SR-I-C orbitals, we find 
We realize from 
We compare our Q values with previous works [2, 27] in Table 9 . Since, to our knowledge, there is no measurement of the neutral sulfur hyperfine structure, we use our value for the b(S 3 P ) parameter for estimating the B J constants of 33 S with each Q( 33 S) value.
Conclusion
We perform MCHF-CI and RCI calculations of the hyperfine constants of the 3p 5 [1, 26] . It appears that the contact contribution, the main source of uncertainty in our non-relativistic calculations, is ten times smaller in S − than in Cl. We interpret this as an effect of an increased separation of the core and valence regions in negative ions.
We show that, for sufficiently large active sets, orbitals optimized in closed-core MCHF calculations reproduce the results of proper open-core MCHF calculations. This approach has a significant advantage: the core-valence distinction in frozen and closedcore MCHF calculations is much cleaner. It allows to minimize the high-order core and valence mixing and hence get a better comparison between calculations performed on different systems (e.g. S and S − ).
